, in the equation is calculated and is found to follow the equation PϭK · exp(0.5/q). Meanwhile, the grain growth exponent, n, for the anisothermally annealed SUS316L steel is also determined and is found to lie between 2.5 and 3.0. On the other hand, EBSD analysis of the evolved microstructure at different heating rates indicates that low heating rate caused partial recrystallization with preferred orientations at the recrystallization finish temperature, while high heating rates above 1 K/s induced the homogeneously nucleated recrystallization microstructure with random orientations and a lognormal type grain size distribution.
Introduction
The mean grain size of austenitic stainless steel affects mechanical properties such as yield strength, deep drawability, and intergranular corrosion resistance. 1, 2) In the last decade, the refinement of austenite stainless steel has been extensively investigated mainly by two approaches; i.e., the severe plastic deformation and phase transformation approaches. In a 304 type austenitic stainless steel, an ultrafine grained microstructure with an average grain size of 0.3 mm was produced by multiple and multi-axial compressions resulting in a total strain of magnitude 6.4 at 873 K. 3) It is obvious that producing such high plastic strain is much difficult on a large scale. Another approach for microstructure refinement is the one utilizing the martensite (aЈ)-austenite (g) reverse transformation. [4] [5] [6] [7] Using a combination of the reverse transformation with warm rolling, an ultrafine grained microstructure with an average grain size of 0.2 mm was obtained in an Fe-0.1C-10Cr-5Ni-8Mn (wt%) alloy. 7) However, since a large amount of aЈ martensite is required for the microstructure refinement after cold rolling, this steel composition is strictly limited to those materials with a martensite transformation (Ms) temperature above or near room temperature. For SUS304 type stainless steel, Gavard et al. have indicated that the steel showed high recrystallization nucleation frequency but very low grain growth rate only for certain compositions, especially for compositions with C and N. 8) This implies that this approach is not suitable for commercial austenite stainless steel.
On the other hand, the rapid heat treatment process (RHT) offers the promise of reducing the production costs while ensuring a high level of mechanical properties. This technique has been widely used in titanium alloys in order to obtain a lamellar microstructure with a relatively smaller beta phase grain size, required for a balanced combination of tensile, fatigue, and creep properties. 9) However, the parameters of the RHT process must be carefully controlled so as to prevent excessive grain growth. Therefore, an understanding of the recrystallization and grain growth kinet-Noriaki HIROTA, 1) Fuxing YIN, 2) Tadanobu INOUE 2) and Tsukasa AZUMA 1) 1) Muroran Research Laboratory, The Japan Steel Works, Ltd., 4 Chatsumachi, Muroran, Hokkaido 051-8505 Japan.
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(Received on November 8, 2007 ; accepted on January 30, 2008 ) Ultrafine grained microstructure seems difficult to be obtained in austenite stainless steel by hot rolling process because the steel has a high recrystallization temperature and high grain growth rate. Instead of severe plastic deformation at medium temperatures, anisothermal annealing of cold-rolled steel could be an effective way to obtain the ultrafine microstructure in the steel. In order to clarify the recrystallization and grain growth in SUS316L stainless steel in anisothermal annealing condition, variations of hardness and average grain size of the steel at annealing temperatures ranging from 1 073 to 1 223 K and heating rates in the range of 0.031-9.3 K/s were systematically investigated, and the results were summarized in contour maps. The recrystallization finish temperature was recognized by a hardness criterion, which shows a linear relationship with the logarithm of the heating rate. Moreover, the average grain size at the critical temperature is approximately 2.2 mm at low heating rates, but decreases quickly with the increase of heating rates above 1 K/s. A proposed grain growth kinetics equation for anisothermal annealing is applied in the present investigated SUS316L steel. The proportional term, i.e., Pϭ(D ics is critical for the design and control of the RHT process in order to produce optimum microstructures. In contrast to the overwhelming researches conducted on the RHT processes for titanium alloys, almost no research report has been found on the anisothermal recrystallization or the coarsening behavior in austenite stainless steel. Therefore, the objective of the present study is to clarify the kinetics of recrystallization and grain growth in austenite stainless steel, and to propose a new approach for microstructure refinement through rapid heating of the pre-deformed austenite steel.
In the classical phenomenological expression for isothermal grain growth, there are three important coefficients that indicate the grain growth in most alloys, i.e., the activation energy Q, grain growth exponent n, and growth rate constant K:
where D and D 0 denote the final and initial grain sizes, t is the annealing time, R is the gas constant, and T is the absolute temperature. In case of a constant heating rate q (ϭdT/dt), Eq. (1) can be transformed into a simple differential equation that can be further integrated to obtain the final grain size as a function of heating rate, 10) which is given by:
where T f and T i are the final and initial temperatures corresponding to the two grain sizes D and D 0 , respectively. This solution is valid only if it leads the three material coefficients, i.e., Q, n, and K. 11) In the case of 316L type austenite stainless steel, Kashyap et al. have found that the grain growth activation energy was 50 kJ/mol in the temperature range 1 173-1 473 K, and the grain growth was controlled by grain boundary diffusion rather than the lattice diffusion that occurred at temperatures above 1 473 K. 12) On the other hand, Mizera et al. systematically investigated the grain growth of 316L type of stainless steel under isothermal annealing conditions and found that the upper limit temperature for normal grain growth was 1 323 K, while the lower limit temperature for abnormal grain growth was 1 223 K. 13) Meanwhile, the authors determined the grain growth exponent n for different annealing temperatures. A decrease in n was found with increase in annealing temperature during the experiment, but the variation range was so small that one can tentatively consider nϭ2.5-3.5 as a constant when substituting it in Eq. (2). It is, therefore, instructive to compare the suitability between n and Q under the rapid heating annealing conditions for austenite stainless steel, by applying the induced kinetics expression, Eq. (2).
There are two ways to treat the initial temperature and initial grain size when applying the induced kinetics expression. One approach is to ignore the other parameters by the application of high temperature. For titanium alloys, Semiatin et al. simplified the expression by selecting a high temperature T f under the condition T f ϾT i ϩ150 K. 11) In this case, DϾ ϾD 0 , and Eq. (2) can be further simplified for the calculation of n and Q. The other approach is exposure to several double heating treatments of different temperatures, T f1 and T f2 with T f2 ϾT f1 . In this case, T f2 is denoted by T f and T f1 by T i , and the corresponding grain sizes, D 1 and D 2 are denoted by D 0 and D in Eq. (2), respectively. T i and D 0 can be defined as the critical temperature at which recrystallization is just finished and the mean grain size corresponding to the completion of recrystallization, respectively. These defined terms show the contribution of the recrystallization features in the continuous heating annealing processes. Therefore, in this study, continuous heating to different temperatures at different heating rates, quantitative microstructure analysis, and both recrystallization and grain growth under the anisothermal annealing condition are investigated in a SUS316L type of austenitic stainless steel.
Experimental Procedure
The chemical composition of the SUS316L austenitic stainless steel used in the present experiment is listed in Table 1 . A steel ingot was prepared by induction melting of industrially pure metals in an argon atmosphere. The ingot was first homogenization treated at 1 473 K for 3 h, following which it was hot forged into a dimension of 20 mm l were cut and annealed again at 1 323 K followed by water quenching. The specimen bars were then cold rolled into a 2 mm thick sheet with 90 % total reduction at room temperature, and cut into a dimension of 2 mm t ϫ10 mm w ϫ10 mm l . Finally, the cold-rolled specimens were annealed by continuous heating at a temperature in the range of 1 073-1 373 K, at different heating rates, such as 9.3, 3.1, 0.93, 0.31, 0.093, and 0.031 K/s. The continuous heating annealing was conducted in an infrared image furnace with well-controlled heating rate stability. For example, in the case of the sample anisothermally annealed to 1 223 K at heating rate of 0.093 K/s, heating process gave temperature with the time of 10 000 s from 293 to 1 223 K. Thus, all kinds of heating rate controlled with a certain time from 293 K to target heating temperature. The holding time at the target heating temperatures was 60 s, after which a high-pressure nitrogen gas blowing was used for rapid cooling to room temperature.
Microstructure analysis of the annealed specimens was done using the electron backscattering diffraction (EBSD) technique on the transverse section (TD) center position located 1 mm thick. The EBSD measurement was conducted using an orientation image microscope (OIM) system developed by TexSEM Laboratories (TSL), equipped with a Carl-Zeiss LEO-1550 Schottky FE scanning electron microscope (SEM). The specimen surface was mechanically polished, following which it was electrochemically polished in a perchloric acid/butoxyethnol/-ethanol solution. The Vickers hardness test was also performed on the normal section (ND) of the specimens at a load of 3 N. Figure 1 shows image quality (IQ) microstructures of the cold-rolled SUS316L steel obtained by heating to 1 123 K for annealing at different heating rates. The sample heated at 9.3 K/s exhibited recrystallization and non-recrystallization (black zone) areas. With the decrease of heating rate to the same target annealing temperature at 3.1 and 0.93 K/s, recrystallization is found to be almost finished. However, austenite grain growth at 1 173 K, as shown in Fig. 2 , can be clearly observed with a decrease in the heating rate even though a large number of annealing twin boundaries existed in the microstructures. Figure 3 shows the area-weighted grain size distribution of the annealed microstructures obtained by OIM analysis after the twin boundary (S3) deletion treatment, and the function fitting curves obtained by a lognormal function. According to the proposed method for the determination of the mean grain size from the areaweighted grain size distribution profile, 14) the mean grain sizes of the 1 173 K annealed microstructures turned out to be 0.84, 1.96, and 2.43 mm for heating rates of 9.3, 3.1 and 0.93 K/s, respectively. Table 2 shows the mean grain sizes of the annealed microstructures at different heating rates and target temperatures. Since a low annealing temperature and a high heating rate may result in incomplete recrystallization, the annealing conditions correspond to the annealing microstructure in which recrystallized fraction is less than 80 %. In order to observe the grain growth in the coldrolled SUS316L stainless steel, the mean grain size of the annealed microstructure is expressed in a contour map through high-rate correlation treatment of the data given in Table 2 . As shown in Fig. 4 , with the increase in annealing temperature and the decrease of the logarithm of the heating rate, the mean grain size increases gradually. Besides the grain growth kinetics in the rapid heating annealing conditions, the critical grain size at the final stage of recrystallization is also an important parameter that characterizes the annealing behavior of the cold-rolled SUS316L stainless steel. There are no reports on the critical grain size at the final stage of recrystallization, especially under anisothermal annealing conditions. However, the mean grain size data is calculated for those samples whose microstructures exhibit a recrystallized area of more than 80 % excluding the nonrecrystallized area (gray zone). Hence, it is considered that the critical mean grain size corresponding to the final stage of recrystallization should lie in the line between 1 mm and non-recrystallization area, as shown in Fig. 4 .
Experimental Results and Discussions

Determination of the Grain Size of Annealed Microstructures by EBSD Analysis
Determination of Recrystallization Finish Temperature Using Hardness Test for Anisothermally
Annealed Microstructures There are two ways to determine the recrystallization finish temperature under different anisothermal annealing conditions; one is the microstructure observation method and the other is the hardness test method. In the former case, a large number of samples are required for each heating rates, especially in the temperature range near recrystallization finish temperature. Muljono et al. used the microstructure observation method to determine the recrystallization finish temperature for different heating rates for low-carbon steel. 15) They observed a linear increase between the recrystallization temperature and the logarithm of heating rate during the anisothermal annealing treatment of the coldrolled steel. In the present study, the hardness test is used for the stainless steel samples that were anisothermally annealed to various temperatures at different heating rates. Figure 5 shows the contour map for the Vickers hardness test that is a plot of the target annealing temperature versus heating rate. The hardness of the annealed samples decreases with the increase in the target heating temperature and the decrease in heating rate. For all the heating rates, it is observed that there is a sharp decrease in the hardness from HV350 (i.e., the as-rolled sample) to HV250, and the decrease becomes gradual in the hardness range below HV200 with the increase in the target heating temperature.
Since the decrease in the hardness below the range of HV250 with higher target heating temperatures can be considered as a result of the grain growth, it is feasible to determine the recrystallization finish temperature at HV250, as shown in Fig. 5 . Figure 6 shows the linear fit plots of the temperature versus heating rate in HV250 shown in Fig. 5 . The plot of critical temperature versus heating rate is sinusoidal, which can be approximated to a linear relationship by obtaining the logarithm of the heating rate. As compared to 90 % recrystallization temperature data for the low carbon steel, 16 ) the present results indicate that the recrystallization finish temperature of SUS316L stainless steel is about 58 K more than that of the 0.003 % C low-carbon steel. On the other hand, the dependence of the critical temperature on the heating rate for the stainless steel is lesser than that in the case of low-carbon steel. In order to determine the mean grain size of the annealed microstructure at the recrystallization finish temperature, the temperature dependent variation of the mean grain size is obtained from Fig. 4 for several concrete heating rates. The mean grain size of the annealed microstructure at the critical recrystallization finish temperature can be determined by applying the critical temperature fits, shown in Fig. 6 , to the temperature dependent grain size variations, shown in Fig. 7(a) . The results are plotted in Fig. 7(b) . It is found that the critical mean grain size also show a sinusosidal variation with the increase in heating rate. For heating rates below 1 K/s, it slightly decreases with a high heating rate, while it decreases rapidly for a heating rate range above 1 K/s. It is important to clarify the variation of the mean grain size with the heating rate at the recrystallization finish temperature. Therefore, the variation of the mean grain size is simplicity in applying Eq. (2) to characterize the anisothermal annealing kinetics of SUS316L stainless steel. We assume D 0 , i.e., the mean grain size at the critical recrystallization finish temperature T i , to be a constant (ϭ2.2 mm). This would imply that the critical temperature increases linearly with the logarithm of the heating rate, while the mean grain size in the annealed microstructures at that critical temperature is independent of both the temperature and the heating rate. There is approximately a linear relationship between D and G, and it is also found that the slope of the linear plots is influenced by the heating rate, q, and the grain growth exponent, n. Substituting K/q in Eq. (3), we define the slope of the linear plots, P, is a factor that is a function of both growth rate constant, K and heating rate, q. And also P can be obtained from the plot of Pϭ(D n ϪD 0 n )/(G f ϪG i ) for different values of n and is shown in Fig. 9 as a function of 1/q. In contrast to the proposed grain growth kinetic equation in Eq. (3), P is not a linear function o 1/q because the P is logarithm function, as shown in Fig. 9(a) . However, it increases exponentially with the value of 1/q. On the other hand, P also increase significantly with increasing n. From the plot of P versus 1/q in Fig. 9(a) , a function; PϭK · exp(d/q) is found that fits the results for different values of n. d is a fitting constant that varies around 0.5 (K/s) Ϫ1 depending on the value of n, as shown in Fig. 9(b) . Since the original expression for grain growth kinetics in anisothermal annealing assumes a linear heating profile for temperature and heating time, for a particular DT at any temperature, the corresponding time interval, i.e., Dt, is the same. However, in practical heating processes, there is a de- crease in the heating rate at high temperatures, especially when the final target temperature is approached. In other words, a large Dt will be maintained at high temperatures. The empirically deduced exp(0.5/q) shows a larger effect on the grain growth than 1/q; therefore, it is feasible to substitute P in Eq. (3) instead of K/q.
Grain Growth Kinetics of SUS316L Steel during the Anisothermal Annealing to Different Final Temperatures
The value of K can also be determined by applying the function PϭK · exp(d/q) to the results in Fig. 9(b) . Figure  10 shows the plots of K plotted for different values of n. Mizera et al. obtained the grain growth rate constant, K, and grain growth exponent, n for SUS316L steel under the isothermal annealing conditions.
13) The plot of K versus n in Fig. 10 , shows that the values of K corresponding to nϭ2.5-3.5 obtained under the isothermal annealing conditions are nearly equal to those obtained in the present anisothermal annealing condition. This correlation between K and n results under the different annealing conditions indicates that Eq. (2) is valid for the investigated SUS316L steel, and it can predict the grain growth kinetics in the anisothermal annealing condition. Besides the determination of recrystallization finish temperature and the critical grain size, the contribution of the heating rate to the grain size has to be modified. In the present study, exp(0.5/q) is experimentally shown to be much more effective than 1/q. A more accurate treatment is necessary to include the heating rate factor into the G term in Eq. (2) when the nonlinearity of heating rate in the anisothermal annealing processes is considered.
Discussion
The kinetic treatment of the grain growth behavior of SUS316L steel during anisothermal annealing is obtained by differentiating the isothermal expression of grain growth with respect to time for a particular temperature, i.e., Eq.
(1). The kinetics expression of grain growth for anisothermal annealing is theoretically valid only if the heating process follows a strictly linear pattern. It is observed that the linear heating pattern is an ideal case and the practical case should be considered. On the other hand, the kinetic expression considers the grain growth behavior between two annealing temperatures, i.e., T i and T f , and indicates no limit for the initial annealing temperature. In the present study, T i is defined as the critical recrystallization finish temperature when the rolling deformation microstructure disappears completely. As shown in Fig. 6 , T i increases approximately linearly with the increasing heating rate. It is important to clarify the features of the as-recrystallized microstructure for different heating rates. Figure 11 shows the image quality microstructures anisothermally annealed to 1 073 and 1 123 K for two different heating rates. It is noted that at low heating rates, where recrystallization is finished at lower temperatures, recrystallization nucleation occurs at some preferred deformation microstructure and is accompanied with grain growth of only some of the recrystallized grains, as shown in Figs. 11(a) and 11(b) . In contrast, at high heating rates, more recrystallization nucleation sites are dispersed in the deformation microstructure and recrystallization is finished with an ideal lognormal grain size distribution, as shown in Figs. 11(c) and 11(d) . Figure 12 shows the inverse pole figures on ND in the recrystallized microstructure of Fig. 11 . The rolling deformation texture formed in SUS316L steel is dominated by two types of texture features:, one is the ND//͗110͘ component, which is usually found in austenite stainless steel, and the other is the ND//͗111͘ component, which is usually related to the formation of shear bands. 16, 17) At a low heating rate and annealing temperature below T i , recrystallized grains shows a random texture, as shown in Fig. 12(a) . It indicates that the higher heating rates resulted in a preferred recrystallization random texture in the deformation microstructures with a higher deformation energy. On the other hand, sufficient annealing time at low heating rates permits grain growth by maintaining the orientations and generating more nucleation sites in the deformed microstructure with the ND//͗110͘ texture. As a result, the 1 073 K, 0.031 K/s, annealed microstructure, Fig. 12(b) , still shows the texture features; however, they are random as compared with those of the microstructure annealed at 0.093 K/s, Fig. 12(a) . When the heating rate is sufficiently high, recrystallization nucleation occurs almost simultaneously in different deformation microstructures. Figure 11(c) indicates that the recrystallization nucleation is concentrated in some specific deformation bands, and the recrystallization grains seem to be independently distributed. Also, annealing twin boundaries are observed in the 1 123 K, 9.3 K/s, annealed microstructure. The dispersed recrystallization grains and the twin boundaries are considered to contribute to the random orientation distribution shown in Fig. 12(c) . When the heating rate is decreased to 3.1 K/s, the deformation microstructure is completely recrystallized and also random texture, same as in Fig. 12(c) . The twin boundary fraction in Figs. 11(b) and 11(d) is calculated to be 3.08 and 6.04, respectively. The different twin boundary fraction in the two recrystallized microstructures with different heating rates also indicate that the grain growth has advanced during the low heating rate annealing. 18) As shown in Fig. 7(b) , the critical grain size, D 0 , corresponding to the recrystallization finish temperature at different heating rates is dependent on the heating rate. It stabilizes with the increasing heating rate for the heating rate range below 1 K/s but shows a sharp decrease with the increase in the heating rate. This phenomenon can be satisfactorily explained with the increase in nucleation sites at the high heating rate to the critical recrystallization finish temperatures. It can be considered that for a high heating rate above 10 K/s annealing to 1 173 K, an ultrafine annealing microstructure with an average grain size 1.2 mm can be obtained in SUS316L steel. However, there are some factors that should be considered while applying this approach. One is the heating profile that determines the sustaining time at high temperatures. In the case of slow heating rates, the time required for the annealing temperature will be longer than that in case of the high heating rates. The other one is that a homogenous deformation microstructure is required to obtain simultaneous recrystallization nucleation, which is the key to obtain an ultrafine annealing microstructure. Multipass rolling deformation accompanied with annealing treatments has been reported to be valid for random grain boundary formation in stainless steel. Such grain boundary engineering (GBE) approaches are also possibly effective for homogeneous recrystallization nucleation during anisothermal annealing. 19, 20) 
Conclusions
The recrystallization and grain growth of cold-rolling deformed SUS316L stainless steel under the anisothermal annealing conditions are investigated by the measurement of the average grain size by using the EBSD method. The annealing temperature ranges from 1 073 to 1 223 K, and the heating rates change from 0.031 to 9.3 K/s.
(1) The variation of the Vickers hardness and average grain size of cold-rolling deformed SUS316L steel under the anisothermally annealing conditions, i.e., annealing temperature and heating rate, are obtained and expressed in the form of a contour map.
(2) The recrystallization finish temperature corresponding to different heating rates is obtained with the application of the HV250 hardness criterion, and the critical temperature is found to linearly increase with the logarithm of the heating rate, similar to the behavior of the reported anisothermally annealed ultra-low carbon steel. Meanwhile, the average grain size at the recrystallization finish temperature is also determined using the grain size contour map, which is about 2.2 mm at low heating rates, but decreases quickly with the increase in heating rate in the range above 1 K/s.
(3) Using the reported grain growth activation energy, 50 kJ/mol, for the SUS316L steel, a proposed grain growth kinetic equation for anisothermal annealing is applied to the present study. It is found that the proportional function, i.e., Pϭ(D n ϪD 0 n )/(G f ϪG i ), in the proposed kinetic equation is no longer the linear function of 1/q. Instead, the relation PϭK · exp(0.5/q) exhibits the effect of heating rate on grain growth. Meanwhile, comparing the calculated grain growth constant K with that reported for isothermal annealing conditions, the grain growth exponent n for the present anisothermal annealing treatments is found to be between 2.5 and 3.0.
(4) Anisothermal annealing treatment could be an effective processing method for acquiring an ultrafine mi- crostructure in austenite stainless steel. Besides the critical recrystallization finish temperature, heating rate is also an important factor that needs to be controlled. A homogeneously nucleated recrystallization microstructure with random orientations and a lognormal type grain size distribution can be obtained by anisothermal annealing at heating rates higher than 0.093 K/s.
